Abstract. Formation and growth of ultrafine particles is crudely represented in chemistry-climate models, contributing to uncertainties in aerosol composition, size distribution, and aerosol effects on cloud condensation nuclei (CCN) concentrations. Measurements of ultrafine particles, their precursor gases, and meteorological parameters were performed in a ponderosa pine forest in the Colorado Front Range in JulyAugust 2011, and were analyzed to study processes leading to small particle burst events (PBEs) which were characterized by an increase in the number concentrations of ultrafine 4-30 nm diameter size particles. These measurements suggest that PBEs were associated with the arrival at the site of anthropogenic pollution plumes midday to early afternoon. During PBEs, number concentrations of 4-30 nm diameter particles typically exceeded 10 4 cm −3 , and these elevated concentrations coincided with increased SO 2 and monoterpene concentrations, and led to a factor-of-2 increase in CCN concentrations at 0.5 % supersaturation. The PBEs were simulated using the regional WRF-Chem model, which was extended to account for ultrafine particle sizes starting at 1 nm in diameter, to include an empirical activation nucleation scheme in the planetary boundary layer, and to explicitly simulate the subsequent growth of Aitken particles (10-100 nm) by condensation of organic and inorganic vapors. The updated model reasonably captured measured aerosol number concentrations and size distribution during PBEs, as well as ground-level CCN concentrations. Model results suggest that sulfuric acid originating from anthropogenic SO 2 triggered PBEs, and that the condensation of monoterpene oxidation products onto freshly nucleated particles contributes to their growth. The simulated growth rate of ∼ 3.4 nm h −1 for 4-40 nm diameter particles was comparable to the measured average value of 2.3 nm h −1 . Results also suggest that the presence of PBEs tends to modify the composition of sub-20 nm diameter particles, leading to a higher mass fraction of sulfate aerosols. Sensitivity simulations suggest that the representation of nucleation processes in the model largely influences the predicted number concentrations and thus CCN concentrations. We estimate that nucleation contributes 67 % of surface CCN at 0.5 % supersaturation in this pine forest environment.
Introduction
Submicron particles reduce atmospheric visibility, impact human health, and influence climate by radiative forcing and by modifying the number of cloud condensation nuclei (CCN) (Somers et al., 2004; Laaksonen et al., 2005) . To accurately predict these effects, precise estimates of the Published by Copernicus Publications on behalf of the European Geosciences Union. 11012 Y. Y. Cui et al.: Modeling ultrafine particle growth at a pine forest site aerosol size distribution are required (Adams and Seinfeld, 2002; Dusek et al., 2010) in addition to the typically reported mass concentrations. Modeling aerosol size distributions is challenging due to uncertainties involved in the formation and growth of new particles (Pierce et al., 2011) . A new particle formation event is the result of complex processes where molecular clusters (1-2 nm) are created by nucleation of gases that can subsequently grow into detectablesized particles depending on the outcome of two competing processes: condensation of semi-volatile organic and inorganic gases and coagulation to preexisting particles (Kulmala, 2003; Kerminen and Kulmala, 2002; McMurry et al., 2005) . Studies have shown that nucleated clusters originate from sulfuric acid, water, ammonia, and organic compounds (Zhang et al., 2004; Sipilä et al., 2010; Kulmala et al., 2013; Kirkby et al., 2011) ; however the mechanisms of formation are still being developed. Ultrafine aerosols can become active CCN with changes in their size distribution and chemical properties and thus can have an impact on cloud properties, precipitation and regional climate (McFiggans et al., 2006 Rosenfeld et al., 2008 . Kerminen et al. (2005) estimated that cloud droplets originated from new particle formation over the boreal forests in Finland are associated with a radiative cooling of 0.2-0.9 Wm −2 .
Predicting nucleation events and their effect on CCN concentrations is challenging, and the results largely depend on the selected nucleation scheme and the environmental conditions. Previous studies have reported that binary and ternary homogeneous nucleation schemes (nucleation of H 2 SO 4 ) that are commonly used in 3-D climate models tend to underestimate nucleation rates and particle number concentrations by orders of magnitude, especially within the boundary layer (e.g., Kulmala et al., 2006; Young et al., 2008) . Merikanto et al. (2009) used activation nucleation (AN) parameterization in the boundary layer and binary homogeneous nucleation in the free troposphere, and estimated that nucleation contributes 45 % of global mean CCN (0.2 % super saturation (SS)), of which 35 % can be attributed to the flux of nucleated particles from the free troposphere and 10 % from the boundary layer. Matsui et al. (2011) used a similar approach within a regional model in the polluted urban environment of Beijing, and predicted that new particle formation increased CCN concentrations at high (> 0.2 %) supersaturations, and decreased CCN at low (< 0.1 %) supersaturation. Given the uncertainties in available parameterizations, Pierce and Adams (2009) compared several nucleation schemes that spanned 6 orders of magnitude in globally averaged nucleation rates, and estimated that the average tropospheric CCN concentrations varied by less than 17 % in the troposphere, and by 12 % within the boundary layer at low (0.2 %) supersaturations. Although the global CCN predictions were only moderately sensitive to the choice of nucleation scheme, the presence of nucleation was found to be crucial for predicting CCN. Luo and Yu (2011) used the ionmediated nucleation scheme and predicted that new particle formation accounted for 80 % of CCN (0.4 % SS) in most parts of the eastern United States.
Aerosol nucleation and subsequent growth have been observed in various environments including urban areas (Matsui et al., 2011 ), coastal regions (O'Dowd et al., 2002 , and rural and forest environments (Kulmala et al., 2001; Levin et al., 2012; Pierce et al., 2012 ). In the current study, we define the term "small particle burst event" (PBE) to describe the appearance and growth of particles that are larger than 3 nm in diameter in contrast with typical nucleation events that include particles between 1 and 3 nm. Here PBEs refer to both nucleation-mode particles (< 10 nm) and Aitken-mode particles (10-100 nm). Particle formation events, whether arising from local nucleation of new particles or PBE-type events, have frequently been observed in clean forest air masses, for example in Finland (Kulmala et al., 2001 ). However it is unclear if the same types of processes are occurring in forests influenced by anthropogenic pollution because urban plumes contain gases that both contribute to the onset of nucleation and also contain sufficient concentrations of preexisting particles onto which condensable gases can partition instead of nucleating. Understanding how forest environments respond to the inflow of pollutants from the nearby cities is of great scientific interest as populations at the forest-urban interfaces are increasing. Jung et al. (2013) showed that the inflow of urban air masses could favor the initiation of the burst of nucleation-mode particles in an isoprene-rich deciduous forest in northern Japan. However, studies in other types of forests, such as terpene-rich forests, are less conclusive. As part of the Bio-hydro-atmosphere interactions of Energy, Aerosols, Carbon, H 2 O, Organics & Nitrogen (BEACHON, Ortega et al., 2014) project, there are long-term measurements of trace gases, aerosols and meteorological parameters at the Manitou Experimental Forest Observatory (MEFO). This site is located within a semi-arid ponderosa pine forest in the Colorado Front Range. It is representative of an urban-rural interface and provides a unique opportunity to study aerosol formation in a monoterpene-rich environment that is periodically influenced by the inflow of anthropogenic pollution from Denver and Colorado Springs (DiGangi et al., 2012; Fry et al., 2013; Ortega et al., 2014) . The PBEs observed at the site during the summer months were found to coincide with an increase in CCN concentrations at high supersaturations (Levin et al., 2012) , but the origin of the ultrafine particle formation events was not investigated.
In this paper, we use data from the BEACHON Rocky Mountain Biogenic Aerosol Study (RoMBAS) intensive measurement period (25 July to 25 August 2011) to investigate the origin of ultrafine aerosol formation and growth events, and to model their characteristics using the regional Weather Research and Forecasting model with chemistry (WRF-Chem, Grell et al., 2005; Fast et al., 2006) . More specifically, we will use measurements and model simulations to (1) characterize the connection between anthropogenic pollution and the occurrence of PBEs, (2) test the Y. Y. Cui et al.: Modeling ultrafine particle growth at a pine forest site 11013 ability of the WRF-Chem model to predict the levels of ultrafine particles during PBE episodes at the site, and (3) quantify their influences on CCN concentrations. As biogenic emissions dominate the volatile organic compound concentrations at this site Ortega et al., 2014) , their effects on the growth of newly nucleated particles will also be investigated. The WRF-Chem model is particularly well suited for this study as it simultaneously treats biogenic emissions, chemistry and CCN. (Kim et al., 2010; Kaser et al., 2013; Ortega et al., 2014) . Concentrations of anthropogenic pollutants (e.g NO x , SO 2 , benzene) observed at the site are variable and driven by synoptic and local meteorological conditions. Meteorological observations from the meteorological tower at MEFO have been used to analyze the diurnal variations of wind speeds and wind directions during both the BEACHON-ROCS (2010) and BEACHON-RoMBAS (2011) campaigns . During daytime in the summer, easterly upslope flows are often observed at MEFO with wind speeds of 2-3 m s −1 , whereas during nighttime strong southwesterly drainage flows dominate with typical wind speeds around 3-5 m s −1 . PBEs at MEFO almost always occur during midday, and it is suspected that these events are related to transport from the urban areas to the east.
Measurements and modeling framework

Data sets
Measurements from several instruments are used in this study to characterize PBEs during BEACHONRoMBAS 2011. Particle size distributions from 4 nm to 3 µm were measured on a 5-minute cycle. The method consists of two scanning mobility particle sizers (SMPSs) that measure particles from 4 to 30 nm and from 30 to 300 nm, and an optical particle counter that measures particles from 200 nm to 3 µm. The final data set is composed of the superposition of the three different measurements. The chemical composition of 20 nm diameter aerosol performed during BEACHONRoMBAS was obtained by the Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS; Voisin et al., 2003; Smith et al., 2004) . During non-PBE periods and during weak events, the TDCIMS measured the composition of bulk aerosol (< 1 µm), whereas during PBEs (such as 10 August) the instrument measured the composition of 20 nm diameter particles. The TDCIMS acquired data in "negative ion mode" using the reagent ion O 2 -(H 2 O)n, where n is in the range of 1-3, which allows for the detection of inorganic and organic acids. Proton Transfer Reaction Quadrupole Mass Spectrometers (PTR-MS) measured ambient monoterpenes and MBO -the dominant emissions from ponderosa pine. We also use gas-phase measurements of CO, NO x , SO 2 and H 2 SO 4 meteorological measurements of wind speeds and direction (at 30 m height), and measurements of CCN concentrations. The latter measurements were mostly performed at 0.5 % SS with critical activation diameters less than 65 nm, and included the corresponding derived hygroscopicity parameter, kappa, for sub-100 nm particles (Petters and Kreidenweis, 2007) . Size-resolved CCN measurements were made with a differential mobility analyzer (DMA; TSI 3071) followed by a Droplet Measurement Technologies cloud condensation nuclei counter (DMT-CCNC) and a condensation particle counter (CPC; TSI 3010) (Levin et al., 2012 . In this paper, the time is presented in Mountain Standard Time (MST). We also calculate the condensation sink (CS, in s −1 , Eq. 1), which is the rate that condensable inorganic and organic vapors condense onto preexisting aerosols.
where D i is the gas-phase diffusion coefficient of condensable gas i (m 2 s −1 ), N j is the number concentrations (m −3 ) of particle j with diameter d j (m), β m is the transitional correction for the condensational mass flux, and is a function of the Knudsen number K nj (= 2λ / d j ) and the mass accommodation coefficient α given by Fuchs and Sutugin (1971) , with λ = 6.8 × 10 −8 m and α = 0.1 in this study. The formation rate (J ; see Eq. 2 below) and the growth rate are estimated from available measurements, starting at 4.4 nm diameter, and are used to constrain the WRF-Chem model. To determine the formation rate of ∼ 5 nm particles (J 5 nm ), we linearly fit the measured number concentrations of particles over the range of 4.4-6.25 nm diameter between the onset and the end of PBEs. The slope of the fitted line provides the measured formation rate (J 5 nm ) that is used to evaluate the model calculated formation rate for the model bin 3.98-6.31 nm. A similar method is applied to derive the formation rates for particles between 39-65 nm (J 50 nm ) and 101-162 nm (J 130 nm ) in the measurements, and their model equivalent values based on model bin 40-63 nm and bin 100-158 nm, respectively. It should be noted that the formation rate calculated here is the net formation rate which includes loss rates. We use the number mean diameter (NMD) to calculate the growth rate of particles in both measurements and simulations. NMD was defined by Matsui et al. (2011) using the diameter (nm) and number concentration (cm −3 ) in each size bin. We use a linear fit to the values of NMD for particles smaller than 30 nm during PBEs, and the slope of the fitted line is defined as the sub-30 nm growth rate. Additionally, we calculate the hygroscopicity parameter, κ, by including all aerosol species present in the model for particles smaller than 100 nm (see Sect. 4.4).
WRF-Chem simulations
Version 3.4.1 of the Weather Research and Forecasting model with chemistry (WRF-Chem, Grell et al., 2005; Fast et al., 2006) was used with two nested domains over the continental United States. The grid resolution was 36 km for domain 1 and 4 km for domain 2 (Fig. 1) . Two-way nesting was used between the domains. The WRF physics options chosen for our runs include the Monin-Obukhov scheme for the surface layer, the Yonsei University (YSU) scheme (Hong et al., 2006) for the planetary boundary layer, the Grell 3-D scheme (Grell and Devenyi, 2002) for the cumulus parameterization in the 36 km domain, the Lin et al. scheme for microphysics (Lin et al., 1983) , a rapid radiative transfer model (Mlawer et al., 1997) for longwave radiation, and the Goddard scheme (Chou et al., 1998) for shortwave radiation. The nighttime minimum planetary boundary layer (PBL) height was set to 100 m in the YSU scheme based on previous studies (Choi et al., 2011) to eliminate overestimating nocturnal concentrations of primary species. The land cover treatment was updated with MODIS land use data. North American Regional Reanalysis (NARR) data were used for the initial and boundary conditions at a 3 h temporal resolution and 32 km spatial resolution. Two representative periods were selected for our study: 25-30 July and 9-15 August. The first 24 h of each run were used to initialize the model, but they were not used for comparisons. The meteorological outputs (such as wind field, PBL height, etc.) from WRF-Chem were used to drive a Lagrangian particle dispersion offline model (see Sect. 3.3) to estimate the arrival of anthropogenic plumes at the MEFO site.
The chemistry is simulated using the CBMz gas-phase mechanism (Zaveri and Peters, 1999) and MOSAIC aerosol package (Zaveri et al., 2008) . Similar to Matsui et al. (2011) , we have modified the MOSAIC aerosol package in WRFChem v3.4.1 to explicitly account for a wider range of aerosol sizes, i.e., 20 bins over the aerosol diameter range from 1 nm to 10 µm. The default eight bins over the range are from 40 nm to 10 µm. The default binary homogenous nucleation scheme (Wexler et al., 1994) is used above the PBL, and it has been replaced by the empirical AN scheme within the PBL. The number concentration of nucleated clusters based on the empirical AN scheme is given by Kulmala et al. (2006) :
where J * is the formation rate of activated clusters at 1 nm (cm −3 s −1 ), A (s −1 ) is the rate coefficient, and [H 2 SO 4 ] is the number concentration of gas-phase sulfuric acid (cm −3 ). Previous studies indicate a large uncertainty associated with calculations of A, which was found to range between 10 −5 s −1 and 10 −8 s −1 (Kuang et al., 2008) . Here we estimate a representative value of A at our site based on measured H 2 SO 4 and number concentrations of ultrafine particles. The H 2 SO 4 measurements are available from 9 to 26 August at MEFO and indicate that the average H 2 SO 4 concentration is ∼ 2 × 10 6 molecules cm −3 during the late morning and early afternoon. During the campaign, the smallest particles with diameters of ∼ 5 nm were detected at the site on 28 July, and their number concentrations were used to determine the 5 nm aerosol formation rate (J 5 nm = ∼ 1 cm −3 s −1 as shown in Table 1 ). The rate coefficient A of 2 × 10 −6 s −1 was derived from those measurements, and is used within WRF-Chem for the AN parameterization to introduce particles into the first model size bin (1-4 nm). We assume here that J 5 nm is a representative value (the lower bound) of formation rate in the model (2006) reported A = 1.7 × 10 −6 s −1 , whereas Matsui et al. (2011) used the value of 2 × 10 −7 s −1 which was a factor of 10 lower in order to compensate for a 10-fold overprediction of H 2 SO 4 concentrations in WRF-Chem. In addition, sulfuric acid concentrations could not be estimated for this study (Mikkonen et al., 2011; Petäjä et al., 2009) as OH measurements were not available during the considered time period. We attempted to more accurately simulate ultrafine particle growth by including the condensation of semi-volatile oxidation products of isoprene, α-pinene and limonene onto preexisting particles. The default WRF-Chem model configuration only includes primary organic aerosols (Matsui et al., 2011) , and accounting for the formation of secondary organic aerosols from biogenic precursors is important due to their abundance at this location. Simple molar yield calculations were used to estimate secondary organic aerosol formation, assuming 15 % contribution for α-pinene and limonene, and 4 % for both isoprene (Liu et al., 2012) and MBO (Zhang et al., 2014) . To reduce the computational costs, the condensed mass was distributed in proportion to the aerosol surface area in each size bin. This simplification is consistent with other studies (e.g., Spracklen et al., 2006; Reddington et al., 2011) and assumes that the first-generation oxidation products condense onto preexisting particles with zero equilibrium vapor pressure.
Initial and boundary conditions for chemical species were provided by the MOZART-4 global chemistry-transport model (Emmons et al., 2010) . For emissions, the EPA National Emission Inventory 2005 was used for the anthropogenic sources. The number size distribution of primary aerosol emissions was assumed to be a lognormal distribution with a median diameter of 50 nm and a standard deviation (a sigma) of 2. The MEGAN online model was applied for biogenic emissions (Guenther et al., 2006) . Wet scavenging and dry deposition of gases and aerosols were also considered. The aerosol direct and indirect effects on radiation and cloud microphysics were included according to Gustafson et al. (2007) and Chapman et al. (2009) . Table 2 summarizes the WRF-Chem simulations and their characteristics. The base run (Ref-8bins) is the original WRF-Chem model with eight diameter bins starting at 40 nm. It includes the binary homogeneous nucleation parameterization in all vertical layers and does not account for the formation of secondary organic compounds (similar to Fast et al., 2009 ). The first test run (Nucleation-on) uses 20 bins and simulates the number concentration with the AN parameterization in the PBL and binary homogeneous nucleation parameterization above the PBL. The second test run (Nucleation-bsoa) is similar to Nucleation-on run, but in addition it includes the condensation of biogenic oxygenated semi-volatile organic compounds and their contribution to the growth of ultrafine particles. A final sensitivity run (Nucleation-off) uses 20 bins and includes the condensation of biogenic oxygenated semi-volatile organic compounds, but it does not include a nucleation parameterization (neither AN nor binary).
The trajectory model
To investigate the transport of anthropogenic air masses to the MEFO site during the field study period, the Lagrangian Stohl et al., 2005; Fast et al., 2006; Brioude et al., 2013) . The wind field used to drive FLEX-PART was a time-averaged wind predicted by the WRFChem 4 km simulations. We used the time-averaged wind to systematically decrease the uncertainty and bias in the trajectory calculations (Brioude et al., 2012) . In WRF-FLEXPART, the vertical diffusion coefficients were calculated based on the mixing heights and surface friction velocity from WRF-Chem. At the MEFO site, 10 000 inert tracer particles are released every hour at a random height between 50 and 100 m above the ground. For each release, the backward trajectories are simulated for 48 h. The total calculation time is 30 days from 27 July to 25 August 2013, and the number of releases is 720. The hourly particle positions from the back-trajectories are gridded onto the 4 × 4 km 2 WRFChem domain to perform the residence time analysis. These gridded trajectories indicate the time that air masses spent in each grid cell before arriving at MEFO (de Foy et al., 2007 (de Foy et al., , 2008 , which illustrates the preferred wind directions and wind transport paths influencing the measurement site.
Results and discussion
Characterization of PBE and non-PBE days
The temporal evolution of aerosol number size distributions observed during the entire campaign is shown in Fig. 2a .
To distinguish between PBE and non-PBE days, we calculate the ratio of the number concentrations of 4-30 nm particles (N 4−30 nm ) to the concentrations of 4-100 nm particles (N 4−100 nm ). When the ratio was larger than 0.5 (Jung et al., 2013) and the diurnal evolution of the aerosol number size distribution was characterized by a banana-shaped plot (Dal Maso et al., 2005) , we classified that event as a PBE day. Using these criteria, we selected four representative PBEs (28, 29 July and 10, 13 August; see Fig. 2b ), and three representative non-PBE days (14, 23, and 24 August). Figure 2b shows the observed temporal evolution of SO 2 mixing ratios and N 4−30 nm at MEFO during the campaign. N 4−30 nm was correlated with SO 2 (Pearson correlation coefficient is 0.8), with N 4−30 nm peak values that systematically coincided with high SO 2 observed at the site. These results suggest that the inflow of anthropogenic pollutants impacts PBEs at the MEFO site, and that the PBEs are likely initiated by SO 2 oxidation products. The daily cycle of monoterpenes (Fig. 2b ) exhibits a more consistent day-to-day cycle with higher values at night and lower values at the midday. Isoprene concentrations were low at the site and are not shown here. A closer look at the diurnal evolution of the number size distribution during the PBE of 28 July (Fig. 3a, b) shows the typical banana-shaped growth of the number size distributions. The sharp increase in both N 4−30 nm and N 30−100 nm particles coincides with the shift in wind directions from westerly to northeasterly (from the Denver metropolitan area).
Observations of averaged diurnal profiles of SO 2 , CO, monoterpenes, N 4−30 nm , CCN (0.5 % SS), and number size distribution confirm the existence of large differences between PBE and non-PBE days (Fig. 4) . Significantly higher mean values are observed during PBE days for both monoterpenes and SO 2 , and it is clear that N 4−30 nm is dramatically starting midday during PBE days (Fig. 4c) . CO levels are also higher during PBE days, which confirm that the MEFO site is influenced by the inflow of anthropogenic pollutants. Primary particles transported from the Front Range are not expected to significantly contribute to N 4−30 nm concentrations because anthropogenic emissions typically generate larger particles (e.g., 30-40 nm; Brines et al., 2014) . To appreciate how rapidly molecules condense onto preexisting aerosols, we also compare the condensation sink (CS) between PBE and non-PBE days. CS values range from 3 × 10 −3 to 7 × 10 −3 s −1 (Fig. 4e) , and are typical of forest areas (Dal Maso et al., 2002) . Somewhat higher (∼ 1.5 times) CS values are found on PBE days just before the onset of PBEs (Figs. 4e and S2 in the Supplement), which indicates higher concentrations of preexisting particles on those days before the start of PBEs. During PBE days, the CS values decrease to their minimum around midday, which is generally the PBE onset time, and then progressively increase due to the growth of the ultrafine particles to larger sizes. There is also a large difference in size distributions between PBE and non-PBE days for particles smaller than 150 nm (Fig. 4f) , which is typically the size range that encompasses the critical activation diameters for CCN (50-100 nm) (Petters and Kreidenweis, 2007) . The peak of the number size distribution is shifted from ∼ 110 nm on non-PBE days to smaller Atmos. Chem. Phys., 14, 11011-11029, 2014 www diameters ∼ 30 nm on PBE days. Measured CCN (0.5 % SS) number concentrations at the surface are also up to a factor of 2 higher during afternoon hours on PBE days compared to non-PBE days (Fig. 3f) . A sharp increase in CCN is observed in the afternoon, typically 3 h after the start of PBEs. It should be noted that only particles larger than ∼ 60 nm are likely to activate at 0.5 % SS (Dusek et al., 2006) . Given the observed growth rates of 2.3 nm h −1 (Table 1) , it would take > 20 h for freshly nucleated particles to reach a diameter of 60 nm. Therefore, the higher CCN concentrations on PBE days are likely the result of the enhanced growth of preexisting particles. Finally, the comparison of measured ambient 2 m temperatures (Fig. S1 in the Supplement, first panel) shows 1-2 • C cooler temperatures during PBE days. Table 1 shows the observed and predicted formation and growth rates for ∼ 5, ∼ 50, and ∼ 130 nm diameter particles, and number concentrations of 4-40 nm (N 4−40 nm ) and 40-100 nm (N 40−100 nm ) particles for PBEs that occurred at MEFO on 28 and 29 July, and 10 August. The PBEs at the MEFO site typically started around noon and early afternoon (10:20-15:00 MST, Table 1 ) following a shift in wind directions generally to the east (Fig. 5a ). This late onset time was reported for other forest sites (Jung et al., 2013) . N 4−40 nm and N 40−100 nm reported in Table 1 are calculated as average values over a 2-hour time period following the peak of each PBE. Here, we report particles from 4 to 40 nm instead of 4 to 30 nm in order to have a closer match with the corresponding bins in the simulations. The observed N 4−40 nm averaged during the event varies from ∼ 16 000 to ∼ 28 000 cm −3 , and N 40−100 nm from ∼ 4000 to 12 000 cm −3 . N 4−40 nm is 3 to 4 times higher compared to N 40−100 nm . The observed number size distribution during these PBE days (Fig. S4 in the Supplement) shows a relatively broad distribution similar to previous studies performed in an anthropogenically influenced forest (Jung et al., 2013) . Figure S4 in the Supplement also shows the absence of particles smaller than 5 nm. Especially in August (Fig. 8a) , particles smaller than 10 nm were almost never observed suggesting that nucleation likely occurred in upwind areas or in the free troposphere, and that freshly nucleated particles grew for several hours before reaching the measurement site. It should be noted that the PBE episode of 13 August was very atypical showing an inverse bananashaped growth (Fig. 8a) . The FLEXPART back-trajectories show that this "shrinkage" in the observed number size distribution could be related to the change in the air mass that is being sampled over the site during this event. The arrival of a polluted air mass from the Colorado Springs area during the afternoon (see Fig. S5 in the Supplement) is a likely reason for the appearance of smaller particles, which could have been nucleated slightly upwind of the measurement site.
For all PBEs, the average growth rate was estimated to be 2.3 nm h −1 , and the average net rates of formation for ∼ 5 nm, ∼ 5 and ∼ 130 nm particles to 0.74 cm −3 s −1 , 0.18 cm −3 s −1 , and 0.013 cm −3 s −1 , respectively. The values derived from these observations are consistent with previous results reported for other forested regions (Kuang et al., 2008; Westervelt et al., 2013) . The comparisons between observations and simulations are discussed in Sect. 4.3. 
Inflow of anthropogenic pollutants at MEFO
To investigate the relationship between PBEs and the transport of anthropogenic pollutants to the site, we have analyzed the origin of the air masses arriving at the measurement site prior to PBEs. The wind roses measured at MEFO at a 30 m height show the variation of wind direction by time of day for PBE and non-PBE days (Fig. 5a, b) . During PBE days, wind directions clearly show a shift from southwesterly in the early morning (06:00-09:00 MST) to easterly and then to southeasterly or northeasterly winds during the day (10:00-17:00 MST). The dominant easterly wind component indicates influence from the Front Range urban areas, whereas on non-PBE days they are more consistently from the southwest. Because the measured near-surface winds at the site can be greatly influenced by local topography, we have performed the residence time analysis based on the FLEXPART back-trajectories to confirm the origin of the air masses for the PBE and non-PBE days. The right panels of Fig. 5a and b show that on PBE days air masses at MEFO came from the Colorado Springs area, whereas on non-PBE days the air masses are principally from the west. The results suggest that elevated SO 2 likely originated from industrial sources located in the Colorado Springs area. Consistent with measurements (Fig. 3) , back-trajectory results emphasize the key role of anthropogenic pollutants in the occurrence of ultrafine particle events at the MEFO site.
The average time for the air mass to be transported to MEFO during PBE days was estimated to ∼ 4 h for air masses originating in Colorado Springs, and to ∼ 7 h for air masses from the Denver metropolitan area. Given the estimated transport time, and the estimated growth rates of ∼ 3 nm h −1 , particles arriving from Denver would have grown by ∼ 20-30 nm during transportation time to the site, whereas particles arriving from Colorado Springs would have grown by ∼ 15 nm. It should be noted that primary emitted particles in the model have sizes of 50 nm, and would appear at the MEFO site as 70-80 nm particles if they originated from Denver, and as ∼ 65 nm particles if they originated from Colorado Springs. Therefore their contribution to sub-40 nm particles predicted at the site during PBE days is unlikely. Only particles that nucleated over urban areas and smaller than 10 nm could contribute to the sub-40 nm at MEFO if they were transported to the site. However, the nucleation events over urban areas are infrequent as the condensable gases preferably partition onto existing particles, which are typically abundant in urban areas.
Evaluation of modeled PBEs
The regional WRF-Chem model is used to simulate PBEs and analyze interactions between anthropogenic and biogenic air masses, as well as the potential influence of PBEs on CCN concentrations at the MEFO ground site. As mentioned in Sect. 3.2, the model includes both the AN parameterization that connects the anthropogenic SO 2 emissions to nucleation, and the contributions of biogenic VOC emissions to the growth of ultrafine particles. Comparisons with measurements of O 3 , CO and NO 2 (Fig. S6 in the Supplement) suggest that WRF-Chem generally captures their overall magnitudes and temporal variability during PBEs. Due to the complex mountain terrain, predicting the arrival of narrow pollution plumes at the site is challenging especially with the current model resolution of 4 km. For instance on 29 July, WRF-Chem did not capture the observed SO 2 plume at the site because of a west shift bias in the simulated wind direction. On 10 August, simulated SO 2 was much lower than Atmos. Chem. Phys., 14, 11011-11029, 2014 www observations because of an excessively large westerly component in simulated winds. These biases in simulated SO 2 influence the predicted levels of H 2 SO 4 and lead to model underestimation of PBEs on those days (e.g., N 4−40 nm ; Figs. 7 and 8).
Given the difficulty in predicting local meteorology, we examine (Fig. 6 ) the model's ability to reproduce the average features observed during PBE and non-PBE days. For that purpose, average diurnal profiles of observed and predicted parameters associated with number size distributions of sub-100 nm particles are examined. It is important to keep in mind that N 4−40 nm is controlled by regional-scale nucleation and early particle growth, whereas N 40−100 nm is also influenced by regional transport and anthropogenic emissions. The comparison of the number concentrations shows a noticeable improvement in model predictions when the Nucleation-bsoa run is used compared to the default WRFChem configuration . The default configuration does not explicitly simulate N 4−40 nm , and greatly underestimates (up to a factor of 4) the N 40−100 nm concentrations during both PBE and non-PBE days. The Nucleation-bsoa run captures well the increase in N 4−40 nm during PBE days, although it has a tendency to nucleate some particles during non-PBE days as suggested by somewhat overpredicted N 4−40 nm concentrations. This could be an artifact of the implementation of the AN parameterization in WRF-Chem which used measured formation rates of 5 nm particles to introduce nucleated particles into the model first bin, and could lead to an overprediction of freshly nucleated particles at low H 2 SO 4 concentrations as discussed in Sect. 3.2. Simulation results (Fig. 6e) are clearly improved in terms of NMDs. During PBEs, the increase in number concentrations of ultrafine particles (N 4−40 nm ) leads to an NMD reduction at midday (12:00-18:00 MST) to values as low as ∼ 30 nm, followed by an increase in NMD in the late afternoon due to the condensational growth. As expected the default Ref-8bins run did not capture the decrease in NMD during the early afternoon, caused by the appearance of freshly nucleated particles on PBE days. Observations (Fig. 3g) show that the peak of the number size distribution is shifted from ∼110 nm on non-PBE days to smaller diameters ∼ 30 nm on PBE days. This shift in NMDs was well predicted by the Nucleation-bsoa run (Fig. S7 in the Supplement). The comparison of modeled (Nucleation-bsoa) number size distributions between PBE and non-PBE days shows the same shift in the peak diameter from ∼ 100 nm on non-PBE days to ∼ 40 nm on PBE days. During non-PBE days, the Nucleation-bsoa run predicts slightly better the observed evolution of NMD than Ref8bins (Fig. 6f) .
A more detailed day-to-day evaluation of predicted number concentrations and size distributions for sub-100 nm particles is shown for 26-30 July (Fig. 7) and 10-14 August (Fig. 8) . As mentioned in Sect. 4.1, during July PBEs had a more typical banana-shaped size distribution and particles down to 5 nm were observed, suggesting that new-particle formation likely occurred close to the measurement site. During this period, the updated WRF-Chem (Nucleation-bsoa run) was able to reproduce the banana shape of the number size distributions (Fig. 7a and b) . The time series comparisons show that the Nucleation-bsoa simulation roughly captures the variations in number concentrations of sub-40 nm particles (Fig. 7c) and the diurnal evolution of the NMD (Fig. 7e) . The model however has a tendency to overpredict the number concentrations of larger N 40−100 nm particles and does not capture the sharp increase in those on 29 July. During August, PBEs were characterized by larger starting diameters (> 10 nm) suggesting that new particle formation occurred upwind of the site or above the PBL, and that already somewhat grown particles were transported to the site. During this period, the WRF-Chem, Nucleation-bsoa run, initiated some local nucleation but did not grow these particles beyond 4 nm on 10, 11 and 14 August and not beyond 8 nm on 12 August (Fig. 8b) . Model results suggest that the sub-100 nm particles that were both predicted and observed at the site on these days were not locally generated through nucleation. Sensitivity simulations were performed for the PBE day of 10 August to investigate the contribution of the transport of preexisting particles and of the above-PBL nucleation to predicted sub-100 nm particles (Fig. S8 in the Supplement). In the first sensitivity simulation, the nucleation parameterization was turned off in the model, and the resulting simulation showed very low number concentrations of sub-100 nm particles (< 500 cm −3 , Fig. 8d ). In the second simulation, the binary nucleation parameterization was used above the PBL and no nucleation was used within the PBL. The results suggest that the above-PBL nucleation explained 90 % Atmos. Chem. Phys., 14, 11011-11029, 2014 www of the ultrafine particles predicted at the surface on this particular day (Fig. S8b in the Supplement). The results from combined Nucleation-bsoa and sensitivity runs suggest that locally formed new particles were not able to grow to detectable sizes, and that free-troposphere nucleated particles could have been mixed downward into the boundary layer and contributed to observed > 10 nm particles. On 13 August, the model starts nucleating particles locally but does not grow them to larger sizes. Larger particles are however predicted later in the afternoon (after 17:00 MST) and are likely due to changes in the air mass. Local wind roses and backtrajectories (Fig. S5 in the Supplement) both suggest a shift in wind direction from southwest to southeast during that afternoon, which advected polluted air from Colorado Springs to the measurement site as already discussed in Sect. 4.1. This change in the air mass could have brought already nucleated ultrafine particles to the site. As illustrated in Fig. 8c (no-nucleation run), the contribution of primary emitted particles to simulated sub-40 nm is expected to be negligible as these particles are emitted into the larger size bins (centered at 50 nm diameter). Modeled 4-40 nm diameter growth rates, and formation rates (J 5 nm , J 50 nm , J 130 nm ) are shown in Table 1 . In comparison with observations, we find that Nucleation-bsoa slightly overestimates the growth rates of sub-40 nm. In addition, the formation rates are underestimated for 50 nm particles (J 50 nm ) and overestimated for 100 nm particles ( , base case is green, "Nucleation-on" is blue, "Nucleation-bsoa" is red, and "Nucleation-off" is orange, respectively (see Table 2 for the model run descriptions).
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Sensitivity to the treatment of nucleation
There are large differences in simulation results in time series due to changes in the nucleation representation in WRFChem (Figs. 7c-e and 8c-e). As already shown, the default WRF-Chem simulation (Ref-8bins) does not explicitly simulate sub-40 nm particles, and shows large biases in N 40−100 nm concentrations (Figs. 7c, d, 8c, d) and NMD (Figs. 7e, 8e) during the campaign. The number size distributions are not captured during the PBE days suggesting that this default model version is not suitable for studying aerosol effect on CCN and clouds in forested environments. As expected, large differences with observations are found for the simulation that does not account for nucleation processes (Nucleation-off) with a factor of 5 underprediction of both N 4−40 nm and N 40−100 nm levels. Results from runs that include nucleation without condensational growth by organic vapors (Nucleation-on) generally overestimate N 4−40 nm and underpredict the observed NMD by a factor of 2 suggesting that ultrafine particle growth is not captured by the model. The comparison between Nucleation-on and Nucleation-bsoa runs emphasizes the key role of biogenic VOC to the growth of freshly nucleated particles. The presence of biogenic secondary organic aerosol formation in the Nucleation-bsoa run results in a decrease of N 4−40 nm , by almost an order of magnitude, and an increase in N 40−100 nm by a factor of 2 compared with Nucleation-on. Nucleation-bsoa better simulates N 40−100 nm during PBE days but overestimates N 40−100 nm during non-PBE days. Overall, our results suggest that the condensational growth from semi-volatile organic compounds plays an important role in PBEs over the Colorado Front Range, and that including the AN representation in the model considerably improves the simulation of PBEs. 00"""06"""12""18""""" 00"""06"""12""18""""" 00"""06""12"""18""""" 00"""06""12"""18""""" 00"""06""12""18"""00""""" 00"""06"""12""18""""" 00"""06"""12""18""""" 00"""06""12"""18""""" 00"""06""12"""18""""" 00"""06""12""18"""00""""" 00"""06"""12""18""""" 00"""06"""12""18""""" 00"""06""12"""18""""" 00"""06""12"""18""""" 00"""06""12""18"""00"""""
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Composition of ultrafine particles during PBEs and effects on CCN
TDCIMS measurements shown in Fig. 9a suggest that ultrafine aerosols observed at MEFO during PBE days are enriched in sulfate. The molar ratio of water-soluble species, which is defined as the abundance of a specific ion divided by the sum of all ion abundances, suggests that sub-20 nm particles during the PBE of 10 August are made of ∼ 61 % sulfate, ∼ 37 % organics and < 1 % nitrate. These values are similar to aerosol mass spectrometer measurements of bulk submicron (< 1 µm) aerosol composition averaged for 8, 9 and 11 August during non-PBE days. The plot shows a clear difference in the relative abundance of sulfate during the PBE (∼ 61 %) vs. non-PBEs (∼ 41 %). However, this increase in sulfate cannot be attributed to the presence of PBEs, due to the difference in size distributions considered here (20 nm vs. submicron). Figure 9b shows simulated mass fractions of sulfate and organics in ∼ 20 nm particles during PBE days (28, 29 July and 10 August) and non-PBE days (11 and 14 August). Results for PBEs show a factor of 2 increases in the relative contribution of sulfate to aerosol mass concentrations relative to non-PBE days. However, the relative fraction of sulfate in ∼ 20 nm particles during PBEs is larger in the measurements than in model predictions. This difference could result from the limitations in the detection of organic species by the TDCIMS instrument leading to an underprediction of the relative fraction of organics compared to sulfate. The fact that we are considering different days could also explain this discrepancy (i.e., measurements report values for 10 August, whereas the model results are averaged over several PBE days). Model predictions for 10 August (Fig. S8 in the Supplement) show a higher fraction of sulfate (∼ 40 %). In addition, model results for the Nucleation-bsoa simulation (Fig. S9 in the Supplement) indicate that organic aerosols account for 40 to 75 % of the ultrafine (4-20 nm) particulate mass. The comparison with the Nucleation-off sensitivity simulation that has a factor of 3 lower amounts of sulfate, ammonium, and organics in the 4-20 nm range illustrates the importance of nucleation processes in predicting the ultrafine aerosol composition (see Fig. S9 in the Supplement).
Changes in submicron particle composition during PBEs can affect their hygroscopicity and, therefore, modify their ability to form CCN. Here we compare the measured and predicted volume-averaged hygroscopicity parameter (kappa) (Fig. 10) . For calculations of kappa in WRF-Chem, we consider typical hygroscopicity values shown in parentheses (10 −6 ), organic compounds (0.14), other inorganics (OIN, 0.14), sodium (1.16), and chloride (1.16). The calculated kappa value is the average of the hygroscopicity of individual species weighted by their respective volume concentrations for aerosol sizes below 100 nm. For the Nucleationbsoa run, the model reasonably simulates the measured values of kappa. The Nucleation-bsoa simulation generally captures kappa variability in the time series (Fig. 10a, b (Fig. 6g) . The time series of measured and simulated CCN (0.5 % SS) number concentrations are shown in Fig. 10c-d . In this study, CCN concentrations are calculated at 0.5 % SS in the WRF-Chem model. As CCN measurements were mainly performed at high supersaturation (Sect. 3.1), here we compare model results with CCN observations at 0.5 % SS. As previously mentioned (Sec. 4.1), only particles with diameters larger than 60 nm are likely to activate at 0.5 % SS. The Nucleation-bsoa run reasonably simulates the CCN (0.5 % SS) concentrations in both time series (Fig. 10c, d ) and diurnal profiles (Fig. 6i, j) except on 29 July as expected. Figure 6i shows that the Nucleation-bsoa run captures the magnitudes of CCN (0.5 % SS) during the daytime, with however a slight underestimation of the afternoon values during PBE days. The Nucleation-bsoa simulation reproduces more accurately CCN (0.5 % SS) concentrations than the Ref-8bins run, especially during PBE days. This difference suggests that sub-40 nm particles and their growth to larger sizes (> 60 nm) that can activate at 0.5 % SS significantly contribute to CCN. The Nucleation-off simulation underestimates by a factor of 3 the CCN (0.5 % SS) number concentration compared to Nucleation-bsoa (Fig. 10) . This indicates that the ability of the modified WRF-Chem to predict PBEs is dependent on including both AN nucleation parameterization and secondary organic aerosol (SOA) formation. Comparing the results of Nucleation-bsoa with Nucleation-off during the two simulating periods, we find that the nucleation explains 67 % of near-surface CCN (0.5 % SS) concentrations at the MEFO site. This is an extreme case; however, it illustrates that the accurate treatment of nucleation in 3-D models is important for predicting CCN (0.5 % SS) concentrations and aerosol number concentration in general.
Summary and conclusions
Small particle burst events (PBEs), indicative of nucleationmode and Aitken-mode particles, were observed at the MEFO site during the 2011 BEACHON-RoMBAS field campaign. Four representative PBEs were studied that showed a rapid increase in the number of 4-30 nm diameter particles from midday to early afternoon in this region. Number concentrations of 4 to 40 nm particles ranged from ∼ 16 000 to 28 000 cm −3 , and 40 to 100 nm particles ranged from 4000 to 12 000 cm −3 . The average growth rate during PBEs of sub-40 nm particles was 2.3 nm h −1 , and the average formation rates of ∼ 5, ∼ 50, and ∼ 130 nm diameter particles during PBEs were 0.74 cm −3 s −1 , 0.18 cm −3 s −1 , and 0.013 cm −3 s −1 respectively. The size distributions of ultrafine particles imply that non-local nucleation sources, including air masses originating above the PBL and upwind sources, impact MEFO. and monoterpene concentrations were investigated during PBE and non-PBE days. Considerable differences between PBEs and non-PBEs indicate that pollution plumes rich in SO 2 combined with primary particles that were advected from the Colorado Front Range. Furthermore, enhanced biogenic monoterpenes concentrations significantly affect particle number concentrations and CCN during PBE days. A modified version of the WRF-Chem model was applied to study PBEs during this campaign. The model was extended to include a parameterization of activation nucleation (AN) and the formation of SOA from biogenic and anthropogenic precursors. It also was used to simulate the corresponding volume-averaged hygroscopicity parameter (kappa) and CCN concentrations. Comparisons with the default WRF-Chem model (containing eight particle diameter bins and binary homogeneous nucleation parameterization) indicate that AN parameterization more accurately simulates PBEs in the 4-100 nm size range, including onset times, number concentrations and number mean diameters. The sensitivity simulations using the updated model without nucleation parameterization suggest that PBEs influence the composition of small particles. Furthermore, the updated WRF-Chem simulations were able to represent variations and magnitudes of kappa and number concentration of CCN (0.5 % SS), suggesting that the model can be used to study the connection between new particle formation and cloud formation. Our results from the enhanced WRF-Chem model highlighted the important role of the mixing of urban and forest air masses in the formation of PBEs, and the value of the MEFO site in studying PBEs due to its location at the intersection of different air masses, and with help of improved treatment of PBEs in CCN simulations and future research for other representative forest sites adjacent to urban areas.
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